NASA Contract Report 185135

An Investigation of Counterrotating
Tip Vortex Interaction

R.K. Majjigi, K. Uenishi, and P.R. Gliebe
GE Aircraft Engines

Advanced Engineering Technologies Department
Cincinnati, Ohio 45215

October 1989

Prepared for

Lewis Research Center
Under Contract NAS3-24080

NNASA

National Aeronautics and
Space Administration

N9U-11549
(NASA-CR-185135) AN 1NV£ercAr;g2T?SM o)
\ ( IP VORTEX TINTER 5
CAUNTERROTATING T SecL 20A
124 p unclas

G3/71 0234874






Summary

A tip vortex interaction model that was originally developed for compressors has been
extended and adapted for use with counterrotating open rotors. This report documents the
analytical modeling, model evaluation with limited experimental data, and certain key para-
metric studies pertaining to the tip vortex as a noise-source mechanism for the unsteady
loading noise of counterrotating propfan propulsors. The existing, simple, basic model can be
extended toward establishing a more sophisticated, complete model in the future. Particularly,
the empirical constants used in the model can be further modified and improved once detailed
tip vortex aerodynamics and acoustic data become available through controlled experimental
studies.
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1.0 Introduction

In recent times, the high speed swept-propfan concept has attracted considerable attention
from the aircraft industry (Reference 1). This is due to the higher propulsion efficiencies and
a correspondingly lower sfc (specific fuel consumption) at high cruise Mach numbers ( typically
M = =0.8), compared to the modern high bypass turbofan engines. Application of two counter-
rotating, swept propellers to extract the swirl energy that would be lost in the case of a single
propeller is expected to yield even higher levels of propulsion efficiency. The development of
acoustic technology to understand the noise characteristics of this new propulsion concept is
an important aspect in the design phase; hence GEAE (GE Aircraft Engines), in cooperation
with NASA, has undertaken an extensive scale model program to investigate the influence of
various geometric and aerodynamic parameters on the performance and noise characteristics
of swept, counterrotating propellers.

1.1 Statement of the Problem and Method of Approach

The acoustic signature of a counterrotating propeller is rich in tonal content which can be
ascribed to various noise-generating mechanisms at work. The analytical modeling of these
mechanisms will enable a better physical understanding which, in turn, will help in evolving a
methodology for low noise designs. The principal noise mechanisms associated with the tonal
spectrum of a counterrotating propeller are:

e Steady loading and thickness noise of each rotor

e Unsteady loading noise generated by the aft rotor due to an interaction with the
wake shed by the forward rotor

e Unsteady loading noise generated by the aft rotor due to an interaction with the
tip vortex of the forward rotor

e Unsteady loading noise (generated by either rotor) due to the presence of a rotat-
ing potential field of the other rotor.

This report documents work performed on the analytical modeling of the unsteady loading
noise due to the tip vortex interaction. The physical process involved in the generation of the
tip vortex of these propulsors is similar to that of fixed wings; that is, a static pressure differen-
tial between the pressure and suction sides of the airfoil in the tip region of the wing results in
a flow from the pressure to the suction side, which ultimately rolls up into a tip vortex. This
physical process can be explained using finite wing theory; that is, the effect of a reduction in
the wingspan from infinity to a finite length may be viewed as the effect of a removal of tip
vortices extending indefinitely in the direction of the span and a replacement of these vortices
by trailing vortices connected at the downstream ends by starting vortices (Reference 2).

The analytical modeling of the upwash field (gust) created by the tip vortex of the'forward
propulsor at the leading edge (or one-fourth chord) of the aft propulsor is based on an
approach previously implemented tor fan tone noise (References 3 and +4). This approach



consists of modeling the tip vortex as a free vortex (that is, I = constant, Ve« 1/r) with a forced
vortex core (that is, within the core, Vea 1), the strength, size, and streamwise development of
which are empirically modeled. The gust field of the tip vortex at the aft rotor determines the
unsteady lift response of the aft rotor blade and, hence, the additional unsteady loading noise
due to the tip vortex.

1.2 Literature Survey

A survey of existing literature on tip vortices of open-tipped wings (for instance, fixed
wings, helicopter rotors) was conducted to aid in understanding the characteristics of such tip
vortices (namely, size, strength, trajectory, and decay rate), so that certain empirical relation-
ships could be developed for application to the tip vortex model for an unducted rotor. Unfor-
tunately, very little information could be found in the open literature on tip vortices of highly
swept propfans. The literature survey was conducted with the objective of finding experimental
information about the following:

e Tip vortex trajectory
e Tip vortex strength such as, circulation or (Ve )max and size of the core
e Growth/decay of tip vortex with streamwise distance.

Experimental information on the tip vortex trajectory contained in References 5 and 6
relates to helicopter rotors in hover mode. The experimental data was essentially the spanwise
coordinate of the tip vortex at different axial stations. The rotors were typical helicopter rotors
with large aspect ratio (4.5 < AR < 18) and low hub/tip ratio (HTR =0.1).

Wind tunnel measurements of a tip vortex shed from a fixed wing at low subsonic speeds
(from References 7 and 8) provided the information for developing empirical relationships
for the size and strength of the tip vortex. The experimental information on the streamwise
development of the tip vortex contained in Reference § was used to model the growth/decay
of the tip vortex with streamwise distance.

V]




2.0 Counterrotating Blade Tip Vortex Model

This section briefly describes the aerodynamic model developed for predicting the gust
field at the aft rotor due to the tip vortex of the forward rotor. This data is used to evaluate the
fluctuating lift and the associated unsteady loading or interaction noise of the counterrotating
propellers. The quasi-3D (quasi-three-dimensional) aerodynamic model of the forward rotor
exit flow field employs a streamline-by-streamline approach (References 3 and 4 provide a
detailed description). The velocity field induced by the tip vortex of the forward rotor at the
aft rotor is computed first for a coordinate system rotating with the forward rotor. A coordinate
transformation of this velocity field relative to the aft rotor is performed; this yields the upwash
velocity perturbations from the freestream value for the aft rotor. The upwash velocity pertur-
bations exhibit a periodicity coinciding with that of the forward rotor. Fourier analysis of the
upwash waveform yields the upwash gust harmonics distribution. The twist of the forward rotor
blade from hub to tip causes a time/phase lag between the flow field from the hub and tip
regions impinging on the aft rotor blade. This spanwise distortion and clocking of the rotor
wake/vortex “sheet” as it convects downstream results in a spanwise phase variation of the
wake/vortex field. The analysis for predicting this phase lag due to the twist of the rotor blades
was developed under a previous GE IR&D (Independent Research and Development) project
and is described in Reference 3. The spanwise distribution of the gust harmonics, along with
the above-described aerodynamic phase, gives a complete description of the gust field imping-
ing on the aft rotor.

Computation of the fluctuating lift force on the aft rotor due to the upwash gust is per-
formed next by using the classical (incompressible) unsteady lift response theory of Sears
(Reference 9), modified to take compressibility effects into account according to a procedure
developed by Amiet (Reference 10). The fluctuating lift force forms the right-hand side of the
wave equation, whose formulation and method of solution are beyond the scope of this report.
Developed under a GE IR&D project, the acoustic model used in this report is formulated in
the frequency domain and computes the tone noise generated by the steady loading and
thickness sources of the rotor rows, together with the tone noise resulting from the unsteady
loading due to fluctuating lift forces. The fundamental formulation of the model can be found
in Reference 11. Subsection 2.1 briefly describes the tip vortex model development. and Sub-
section 2.2 describes the procedure followed in establishing certain empirical relationships
associated with the tip vortex model.

2.1 Mathematical Description

The tip vortex model has evolved from a simular mode! for computing secondary tlow
vortices (in and behind a ducted rotor blade passage) which are dominated by the tip clearance
leakage flow (References 12 and 13). The tip vortex mode! assumes the existence of a core
that contains all of the shed vorticity, so that the motion outside is irrotational. Figure 1isa
sketch of the radial variation of tangential velocity (Ve) induced by the tip vortexand the associ-
ated circulation of the vortex. Obviously, even at large distances from the vortex center. suffi-
ciently large swirl velocities exist. in terms of V#/(Va)max. It should be noted that the current



tip vortex model does not include an effect of an axial velocity component of the tip vortex;
however, this will be included in future work, as detailed data become available.

\ YORTEX CORE

Figure 1. The Combined Forced (Within the Core) and
Free (Outside the Core) Vortex Model for the
Tip Vortex.

For the tangential velocity W,

sinh M

In the case of the ducted fan rotor, the
tip vortex model superimposes a row of
combined forced/free vortices and an image
row on the opposite side of the annulus wall
to enforce the zero normal velocity at the
wall. Figure 2 depicts a sketch of unwrapped
annulus with both the tip vortices and the
image vortices. The vortices are located at a
periodic tangential spacing that is equal to
the blade spacing. The spanwise and the tan-
gential (+yand +xdirections, respectively)
velocities outside the tip vortex core were
determined by using an extension of Lamb's
solution (Reference 14) for the induced flow
field about two infinite rows of vortices of
finite radius, as modeled (Figure 2). The
resulting expressions for the induced veloc-
ities outside the domain R; (tip radius) are
written as follows.

(1)

W _ _rvtx . -
- cosh M - cos p

and for the radial velocity W;

W o= - rvtx sin p -
r 2 S cosh M - cos p
where
= 2 - .
M= 3 (y br T)
- 2n .
and
2
P = 3 (X bc}

sinh N
cosh N - cos p

sin p
cosh N - cos p
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Figure 2. Nature of the Tip Vortex Flow Model for a Ducted Rotor.

The parameters “x” and “y” are coordinates of the unwrapped annulus (the annulus is
unrolled). It can be seen that aty = 0 (that s, at the annulus wall), Equation 1 reduces to:

‘ (6)
Mok sinh (br+ 1) ]
- S cosh (b _* 1) - cos p

y =0

and Equation 2 reduces to:

For a given value of (br + =), as y increases, sinh M — sinh N and cosh M — cosh N.and
the expressions for tangential and radial velocities created due to the tip vortex approach zero
(Equations 1 and 2); thus, implying that as one approaches the hub wall, the tangential and
radial velocities created due to the tip vortex vanish, which is physically realistic.

The region within the domain Ry behaves as a forced vortex (like a solid body of revolu-
tion); the domain R¢ is given by:
' (8)

oo 2 _ _~2<2
(% bt) + (y br - <

where “a7 is the radius ot the vortex core.



The angular velocity of the tip vortex can be related to the circulation of the tip vortex by:

9)

vtx

2n 32

For a point P(x,y) within the domain Rg, the tangenual component of the velocity induced
by the tip vortex is given by:

W = - wr sin a (10)
t
and the radial component by
W_ = wr cos (11)

r

where

r o= {(x - bt)2 +(y-b_- 02 }1/2

_ Y- b o T :l
Q = tan — bt
Equations 1 through 11 specify the induced velocity field in a radial plane behind the blade
trailing edge due to the presence of the tip vortex.

and

For the unducted fan, the annulus wall does not exist. This is mathematically modeled bv
increasing the value of the tip clearance to a large value, so that the effect of the image vortex
is made negligible. Figure 3 compares the gust spectra at three spanwise locations for increas-
ing values of tip clearance. The nondimensional tip clearance shown in Figure 2 is tip clearance
divided by the forward rotor chord at the tip. Typical values of - for ducted fan rotors are =0.01.
It is seen that when - is increased by a factor of 1000, the solution has converged so that even
an increase in - does not alter the results. For the sake of completeness, gust harmonic spectra
for the case of no tip vortex (that is, wake alone) are also presented (Figure 3).

Although the tip vortex is seen to have considerable influence on the gust harmonic spectra
at the tip streamline and at the streamline which is 899 of the span from hub; the gust harmonic
spectra at the hub are not affected by the tip vortex. Also note that the gust spet.tral levels with-
out the tip vortex (that is, wake alone) in the tip region are much lower in amplitude, compared
to the hub region. This is because the smaller spacing and larger chord at the hub vield smaller
values of streamwise distance/chord ratio which, in turn, makes the wakes stronger at the hub
(compared to the tip).

The gust spectra (with the tip vortex) at the tip streamline and the streamline 89% of the
span from hub demonstrate a different character. Based on the tip vortex trajectory model,
the 899% streamline is verv close to the region of impact of tip vortex on the aft rotor. (This
aspect will be discussed turther in Subsections 2.2 and 3.1.3). The gust spectral levels at the
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89% streamline are seen to be higher than for the tip streamline. The gust harmonic falloff for
increasing values of the gust harmonic “q” is also lower for the 89% streamline (compared to
the tip streamline), indicating a sharp profile for the gust waveform near the point of impact

of the tip vortex.
2.2 Empirical Relationships

As discussed in Subsection 2.1, computation of the flow field created due to the tip vortex
can be performed if one knows both the:

e Circulation of tip vortex at the axial station of interest (T'vix)
e Radial and tangential coordinates of the tip vortex (br and by).

The experimental data reported in Reference 8 contained information on the variation of
(VFe)max and radius of the vortex core of a uniform NACA-0012 airfoil (with an aspect ratio
of 6), set at an angle-of-attack of 7.5°, at two freestream velocities, 70- and 100-fps (feet per
second). Vortex measurements were made with a yawhead pressure probe from 10 to 30 chord
lengths downstream of the trailing edge. The experimental data chosen from Reterence 7 were
obtained on a NACA-0012 airfoil ot an aspect ratio of 6 at a freestream velocity of 110-tps.
The vanation of tip vortex radius with angle-of-attack was measured at approximately six chord
lengths downstream of the trailing edge using a vorticity meter. The applicability of the data
(based on the wing configuration) to the significantly swept UDF®* blade geometry should
be verified once experimental tip vortex data can be obtained from these UDF® blade
configurations.

Empirical corrections for (Ve)max/(V »/CL and a/(c \,CL) were developed by emploving
a linear rational function of the tvpe (Reference 3):
dx +e (12)
V= -
- rx 1l

where d, e. and t are empirically determined constants, and v could be (Ve8)max/(V=+,CL) or
a/(¢vCL), and x = s/c. ’

Constants d, e, and f in Equation 12 were determined through an iteration scheme aimed
at minimizing the standard deviation (Reference 3 provides more details). The following cor-
relations vielded minimum standard deviation:

v,) (13)
8’max _ 0.024 (s/c) + 0.5586

V, VG, ~ 0.0504 (s/c) * 1.0

= Y(s/c)

© UDF s aregstered trademuark of the General Electric Company. US-A.
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where:
(Vo)max = maximum tangential velocity of the tip vortex
Vo = freestream velocity
CL = local section lift coefficient
S = streamwise distance
c = chord
and
i - M < v 0

Figures 4 and 5 demonstrate these correlations, along with the data for:

(ue)max a

7 and ,
Vm VCL c \jCL

respectively. The empirical corrections provided in Equations 13 and 14 can be improved by
adjusting the constants d, €, and f when more detailed experimental data for the UDF® blades
become available.

By definition, the circulation of the tip vortex is:

27T (13)
(F)Vtx = (Ve)max a df
8=0
27
- =
= v, JEE Y(s/c) ¢ VCL Z{s/c) d#é
8=0
= 2 (Vej a
max

Figure 6 shows the correlations given by Equations 13 and 14 and the computed circulation
(Equation 15), along with the data. It is seen that the maximum tangential velocity decreases
with s/c; whereas, the radius of the vortex core increases with s/c, and the tip vortex circulation
initially rises and then shows almost no decay over 10 to 30 chord lengths. The absence of a
decay in the circulation of the tip vortex noted in the above set of data has been confirmed on
full-scale aircraft tip vortex measurements for up to 1000 chord lengths downstream of the
Lircraft ( Reference 15). The linear-rational-function correfations emploved tor (Valmax and
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radius of the vortex core simulate this behavior of the tip vortex very well. Certain limiting
forms of (I')vix are examined next. For example:

(16)
At (s/c) =0 (r)vtx = 2n V c CL (0.5586 x 0.0014)
or
(m
vEx -
TR = 0.000782
x
For large values of s/c:
17
lim [ Meex | <0.024 ) (0.01584> - 0040994 ("
(s/¢) > [ Ve © Cp 0.0504) \ 0.184
0.6
a SYMBOLS: JATA
— 3 a — . CORRELATION
ry 0
0-5 - A a -9 : \
wn (VG))max
E 0.4 V-FI
:
e 0.3
x
e
[+ 4
]
> 0.2 A
Q.
= a (r)vtx
0.1 c ¢ 2n(Nacty )
. % & o 5
o 5 | » +/
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Figure 6. Representative Correlation and Data for the Streamwise Variation of Normalized (V8)max, Radius,
and Circulation of the Tip Vortex.

Hence, for large values of s/c, the circulation of the vortex reaches an asymptotic value
which is higher than the value at the trailing edge. The initial rise in tip vortex circulation (as
indicated by these correlations) may be viewed as a result of the initial roll-up of the shed span-
wise vorticity into a well-defined tip vortex. Thus. the correlations seem to represent some of
the phvsical features exhibited by the wing tip vortices. Unfortunately however. tor the UDER

11



configurations, the range of the s/c value (that is, spacing between the forward and aft rotors)
is less than 5.0; within this range, there is a lack of data, as evidenced by Figures 4 through 6.

Flow-field visualization studies conducted on helicopter rotors (Reference 5) show that
the shed tip vortices for rotating blade rows diffuse within one to two revolutions, and the dis-
tinction of the tip vortices is lost. However, no quantitative information exists regarding the
circulation of (V8)max or radius of such rotating tip vortices for use in modeling the decay of
rotating tip vortices. The more rapid decay of rotating tip vortices (compared to translating tip
vortices) may be due to the relatively larger turbulence and more efficient mixing processes
prevalent in the near field of a rotating blade row, compared to a wing in translation wherein
the decay could be due predominantly to viscous dissipation. In the absence of applicable infor-
mation regarding the decay of the tip vortex for an unducted rotor, different power law decay
rates are proposed for the current model:

1 (18)

(M Qq —
(1 + s/c)r|

vtx

Figure 7 demonstrates streamwise variations of normalized tip vortex circulation for three
decay rates (that is, n = 0, 1/4, and 1/2); the exponential value that was used for tip vortices ot
the ducted tfan rotor was 1/2 (Reference 3). The presence of the annulus wall and the large
number of blades of a ducted fan rotor would cause a faster diffusion of tip vortex, compared
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Figure 7. Streamwise Variation of Normalized Circulation of the Tip Vortex
' tfor Three Different Power Law Decay Rates.



to the unducted fan rotor; hence, n = 1/4 is proposed as the exponent for the tip vortex decay
rate of an unducted fan. The influence of the decay rate on the acoustic predictions of unducted
rotors will be examined through parametric studies in Subsection 3.1.4.

Since the correlations for (V8)max and radius of the tip vortex core (Equations 13 and 14)
were developed using the data of wings of constant cross sections without any twist, the local
section lift coefficient (CL) and chord distribution along the span did not vary; however, such
is not the case for an unducted fan rotor. To determine what value of local section lift coeffi-
cient and chord must be used for computing (V8)max and radius of the tip vortex core in this
case, we resorted to published literature on helicopter tip vortices for some guidelines. The
measurements and predictions of Donaldson, et al. (Reference 16) indicate that. for helicopter
blades, the loading in only the outboard 30% span of the blade contributes to the tip vortex
structure. The above criterion has been used as a guide in the selection of Cr and “c” for the
tip vortex of unducted rotors. Figure 8 shows the spanwise variation of local section lift coeffi-
cient for typical takeoff and cruise conditions for a typical unducted fan forward rotor blade
design (such as, the F-7 blade). Figure 9 depicts the spanwise variation of chord for the F-7
blade. In accordance with Reference 16, the average values of lift coetficient and chord are
computed using their distribution over the outboard 30% span. These average values, (CL)av
and (c)av, are used as the parameters characterizing the tip vortex in computing (V8)max and
radius of the tip vortex core (Equations 13 and 14). This averaging procedure takes into account
the spanwise variation of the blades and yields an “equivalent” blade of uniform section. in a
very rough sense.

Due to a lack of detailed UDF® blade tip vortex experimental data, there is some uncer-
tainty as to applicability of the value of (V8)max and radius of the tip vortex core (see Equations
13 and 14), as these are based on the configuration of the wing, rather than of the UDF® blade.
Therefore, an empirical factor known as the circulation index (Ci) was introduced to modulate
the circulation of the tip vortex, which is defined as:

(19)

(Dhvrx = C, {27 (Vdmax a}

A value of C; = 1 reproduces the circulation given by Equation 15. The value of C; > 1 means
that the tip vortex structure includes the influence of loading in more than the outboard 30%
span of the blade. Conversely, the value of C; < 1 provides less circulation strength than is
provided by Equation 13. Improvements to this simple procedure may be adopted when more
information is available on characteristics of the tip vortices of the UDF» blades. A sensitivity
of the circulation index on the unsteady noise is studied and discussed in Subsection 3.1.1.

Next, an empirical relationship is developed for the trajectory of the tip vortices emploving
the flow visualization data (References 5 and 6) which were obtained for helicopter blades in
a typical hover mode. All of these data indicated that tip vortices move radially inward for
increasing axial distance, which is ascribable to the stream tube contraction (Figure 10).
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Linear-rational-function correlation methods (Reference 3) were used again to develop

an empirical relation for the trajectory of the tip vortex. Linear-rational functions are applica-
ble if the dependent variable shows a monotonic trend with the independent variable. Since
the radial movement of the tip vortex with axial distance is monotonic, approaching an asymp-
totic value, linear-rational function was chosen. The empirical relationship which yielded mini-

mum standard deviation is:

(20)

thx 12 (thx)/Rtip + 1.0
x)/Rtip + 1.0

R, . 16 (Zv

tip t

where
Ry radial location of core of tip vortex
Zwx: axial location of core of tip vortex.

Since the formulation for tip vortex discussed in Subsection 2.1 uses br = Riip - R,

Equation 20 is written in terms of b (see Figure 2 also):

b: R 4 (Z
=1 - =

Rtxp Rtip 16 (Zv

vtx)/Rtip
x)/Rtip + 1.0

t

-
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There is a lot of scatter in the data for large values of Z/Ruip; this, mainly, is a result of the
uncertainty in defining the tip vortex at large values of Z/Rup due to the diffusion of the tip
vortex.

The development of Equation 21 is based on the data base for helicopter rotors. The HIR
for helicopter rotors is approximately less than 0.1; however, the HIR for the UDF® blades
is approximately 0.4. This introduces some amount of uncertainty regarding the applicability
of the tip vortex trajectory correlation of Equation 21 to the UDF® configuration. Due to the
lack of a data base for the higher values of HTR, the general form of the tip vortex trajectory
for UDF® blades is assumed from Equation 18 as follows:

(22)

br _ Kvtx (thx)/Rtip

Rtip 16 (thx)/Rtip + 1.0

where Kvix is an adjustable constant.

Foragiven HTR. the tip vortex trajectory can be expressed in terms ot a blade span percent
of the tip by: (br/Rup)/(1-HTR). For example, the value ot br/Reip = 0.1 translates to about a
17% span from the tip, with HTR = 0.4. On the other hand, the value of br/Riip = 0.1 approxi-
mates Kvx to be 2 for Zve/Reip = 0.3. Thus, the value of Kux for the UDF® blades should be
chosen with consideration of blade geometries, forward and aft rotor spacing, aeropertform-
ance, etc., which would affect the tip vortex trajectories. The value of Kvix was assumed to be
between 0.5 and 2.0, based on a flow-field computation performed using GE’s in-house codes.
The parametric evaluation of the tip vortex trajectory on the unsteady noise due to the tip
vortex is reported in Subsection 3.1.3. Again, a detailed experimental data base will be required
to obtain the proper value of Kvx for the UDF® blade configurations.
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3.0 Model Evaluation

The aerodynamic model for the tip vortex of counterrotating propulsors (described in
Section 2.0) is evaluated in this section by:

1. Parametrically evaluating the effect certain key parameters (such as: tip vortex
strength, drag coefficient, tip vortex trajectory, decay rate, tangential location of
the tip vortex, and extent of clipping of the aft rotor) have on the acoustic charac-
teristics of the counterrotating UDF® propulsors.

[

Comparing selective acoustic data and predictions of the counterrotating UDF®
propulsors, aimed at evaluating the tip vortex model.

Due to the relatively low values of solidity over most of the span, UDF® propulsors may
be viewed as isolated airfoils in computing the gust harmonic spectra resulting from impinge-
ment of the forward rotor wake and the tip vortex on the aft rotor. Hence, the unsteady gust
model developed by Kemp and Sears (Reference 17) was selected for predicting the gust har-
monic spectra of unsteady loadings induced by the tip vortex and the rotor wakes.

In the rotor wake model, the resultant aft rotor unsteady lift is strongly influenced by the
forward rotor exit wake profile. As discussed in References 3 and 4, this wake profile modeling
has been significantly affected by the drag coefficient of the local blade section. However, due
to a lack of detailed UDF® aerodynamic data, there are large uncertainties to determine the
accurate local section drag coefficient. The drag coefficients used in the present study were
obtained based on GE’s in-house analytical method, along with the aeroperformance of the
scale model test of the UDF® configuration. The following section describes the sensitivity
study of the drag coefficient on gust spectra and interaction noise levels.

3.1 Parametric Studies

The studies described in this section parametrically evaluate the effect of certain ge ometric
and aerodynamic parameters (described in Section 2.2) of the tip vortex on the acoustic charac-
teristics of a counterrotating propeller. The principal objective of these studies was to develop
an understanding of the sensitivity of the acoustic characteristics to certain key geometric and
aerodynamic parameters of the tip vortex. The parametric studies described herein are:

e Influence of tip vortex strength and drag coefficient (Ci and Cd, respectively,
sensitivity)

e Influence of tangential location of tip vortex (bt/s sensitivity)
e Influence of tip vortex trajectory (Kwix sensitivity)
e Influence of decay rate of tip vortex (n sensitivity)

e Influence of progressive clipping of the aft rotor.

17



For the parametric studies, standard F-7/A-7 blade design parameters are used to calculate
the gust harmonic spectra and unsteady loading noise through the present model; Figure 11
portrays a planform of these blades. The parametric studies are performed based on the aero-
performance data of TP (test point) 3706 of a 90% rpm case with 9 x 8 F-7/A-7 blades at a take-
off Mach number, obtained from GE Cell 41. For an unequal blade number configuration
(such as, 9 x 8) but equal rpm, the steady loading and thickness noise and the noise due to wake/
tip vortex interaction occur at distinctly different frequencies (Reference 11), as listed below:

e Steady loading and thickness noise of forward rotor
rpm1l (23)
60

fg=a ™ *Bl q=1,2,3, ..
where fs1q is the qth harmonic of steady loading and thickness noise of the forward rotor, and
B1is the number of blades in the forward rotor, and q = 1 corresponds to BPF (blade passing
frequency), q = 2 corresponds to 2 x BPF of forward rotor, etc.
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Figure 11. Planform of the F-7/A-7 Unducted Fan Blade Design, Showing
- the Extent of Clipping on the Aft Rotor.

e Steady loading and thickness noise of aft rotor
rpm2 (24)
60

—r %
fs.’.r'r

*B2r=1,2,3..
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where fs2r is the ™ harmonic of steady loading and thickness noise of the aft rotor; B2 is the
number of blades in the aft rotor; and r = 1 corresponds to BPF; r = 2 corresponds to 2x BPF
of the aft rotor, and so on.

e Noise due to wake/tip vortex interaction

_ q=1,2,3 ... (25)
= fi1q 7 fsar 1, 2,3 ...

qur slqg s2r’ ¢

For equal rpm’s (say, rpml = rpm2 = rpm), normalized frequencies are defined as:

- folq , (26)
£, = —— =1,2
47 (rpmy60) Bl g=123
- £ (27)
fz— _ B2 r=1,23..
(rpm,6o) 3 + 1]
and
- qur _ ‘ 4 4= 1, 2,3, .. (28)
ot = Tome0) -~ BT BR ra 2,

The spinning mode numbers associated with steady loading and thickness noise of forward
and aft rotors are qB1 and rB2, respectively. The spinning mode number associated with the
noise due to wake/tip vortex interaction is given by:

(29)

m = rB2 - qB1

wqr
where mwq is the spinning mode number of the rth harmonic or aft rotor unsteady noise, due
to qth gust harmonic of forward rotor.

Table 1 lists the tone designation, fwqr, Mwgr, g, and r for increasing frequencies for a 9x8
blade configuration. Figure 12 is a schematic of the steady loading and unsteady loading noise
spectra for the 9 x8 blade number configuration.

In the following parametric studies, the sensitivity of each parameter was examined indi-
vidually by varving the particular parameters from the basic stage of each. The value of each
parameter at the basic stage is given as Ci = 2.0, Kux = 2.0, bt/S = 0.5, andq = L4

3.1.1 4influence of Tip Vortex Strength and Drag Coefficient

Gust spectra and consequential interaction noise levels are affected by both rotor viscous
wake and tip vortex flow field. In the present work effort, the viscous wake and the tip vortex
flow fields are modeled independently and are then summed to obtain total unsteady gust load-
ings on the aft rotor. When the unsteady loading is dominated by the viscous rotor wakes, the
tip vortex effect becomes small. and vice versa. The sensitivity of the strength of the viscous
wake and the tip vortex on gust spectra and interaction noise levels is studied by parametrically
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Table 1. Normalized Acoustic Frequencies and Spinning Modes Associated with
Wake/Tip Vortex Interaction for a 9 x 8 Blade Number Configuration.

Tone -

Designation fwqr Mwqr q r
(A +F) 17 -1 1 1
RA+F) 25 7 1 2
(A +2F) 26 -10 2 1
(3A+F) 33 15 1 3
(2A +2F) 34 -2 2 2
(A +3F) 35 -19 3 1
(A +F) 41 23 1 4
(3A+2F) 42 6 2 3
(2A +3F) 43 -11 3 2
(A +4F) 44 -28 4 1
(5A+F) 19 31 1 3
(4A +2F) 30 14 2 4
(3A +3F) 51 -3 3 3
QA +4F) 32 -20 4 2
(A +5F) 33 -37 3 1

fwqr - Normalized acoustic frequency
Mwgqr - Spinning mode

q - Forward rotor gust harmonic

r - Aft rotor acoustic harmonic

STEADY LOAOING AND THICKXNESS NQISE
= = -~ UNSTEAOY LOADING NQISE TO WAKE/TIP VORTEX INTERACTION
@ 81= 9; B2= 8
> .
3 1 |1 i Pl P
[ I ! Ll thi
! I 1) iy by
: | fyt | (1 | I Iy I
A A N it Ll s )
) 10 20 30 40 59 50

NORMALZED ACOUSTIC FREQUENCIES. F51q. foors fuqr

Figure 12. Schematic of a Narrowband Acoustic Spectrum of a 9 - 8 Blade Number Configuration.



varying the circulation index of the tip
vortex model and the drag coefficient
(C4q) of the rotor viscous wake model.

The influence of the circulation of
the tip vortex on gust spectra and its
consequential sensitivity on the interac-
tion noise is shown in Figure 13 where
the parametrically varying C; has a fixed
value of Kyx = 2.0and bt/s = 0.5. A“no
tip” vortex is also included, for the sake
of completeness. Figure 13 presents the
predicted sensitivity of the circulation
index on gust harmonic spectra at the tip
streamline with three different values of
Cq (0.03, 0.02, and 0.005); similarly,
Figures 14 and 15 illustrate the Cj etfect
for these values of Cd at the streamlines
of 70.7% and 45.4% span from the hub,
respectively.

At the tip region (Figure 13), gust
harmonic spectra for each C; value have
similar levels (regardless of Cd), even
though the viscous wake gust spectra
denoted by no tip are quite different
from the nonzero C; cases. The differ-
ence between no tip and nonzero Ci is
the effect of the tip vortex. As demon-
strated in Figure 15, the gust harmonics
collapse into one line at the location tar
away from the tip vortex center where
the tip vortex effect is minimal.

As shown in Figure 14, at the 70.7%
span location from the hub, the spectra
with Cq = 0.03 and 0.02 exhibit small
spread, due to the different C; values for
the lower gust harmonics (q = 1, 2, 3,
and 4); but the spectra with Cq = 0.005
shows arelatively large spread for three
Ci values. This indicates that the sensi-
tivity of tip vortex strength on the gust
harmonics depends on the levels ot drag
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coefficient. The effect of the tip vortex
becomes minimal at the streamline of
45.4% span from the hub (Figure 15).

Figure 16 illustrates the predicted
effect of the tip vortex strength (Ci) on
the interaction tone SPL (sound pres-
sure level) sum with Cq4 = 0.005. Since
the value of C4 is small, the circulation
index sensitivity is clearly shown as 4
to 6 dB; however, the directivity of
SPL sum was preserved for the various
C; values. To examine the predicted
effect of the drag coefficient on the
interaction tone SPL sum with a fixed
value of Ci = 2.0, Figure 17is given for
Cq = 0.03, 0.02, and 0.005. Although
the drag coefficient effect isseen atthe
forward arc of the emission angle, the
Cd effect becomes negligible at the aft
rotor. Thus, prediction of the averaged
acoustic quantities of PNL, PNLT, or
EPNL would be significantly influ-
enced by the SPL sum directivity.

Figure 18 provides a summary of
the predicted tip vortex effect for the
Cq values of 0.03, 0.02, and 0.005 on
the interaction tone sum directivity by
comparing the SPL sum predictions.
both with and without the tip vortex.
The interaction tone sum directivity is
computed both with and without the
tip vortex model turned on. The differ-
ences between these two SPL directiv-
ities indicate the isolated tip vortex
effect, since both cases contain the
interaction tones induced by the rotor
viscous wakes. As presented in Figures
13 through 13, the tip vortex effect
becomes significant as the values of Cd
are reduced. It should be emphasized
that the accurate acoustic predictions,
using the current model. depend upon
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the accuracy of the section local drag coefficients and the tip vortex strength (which are not
available at the present time, due to the lack of experimental data).

3.1.2 Infiuence of Tangential Location of Tip Vortex

The tangential position of the tip vortex, relative to the wake centerline, is a critical param-
eterin determining the gust waveform shape and amplitude. Figure 19 compares the gust wave-
form shape for four values of tangential position of the tip vortex at three radial locations. The
gust waveform shape for the case of wake alone (that is, no tip vortex) is included for the sake
of completeness. The wake flow field is assumed to be symmetrical on either side of the blade
(pressure or suction). Even though this assumption may not be valid, applicable data to model
the asymmetry of the wake are lacking. Thus, the gust wave shape for 0.5 < x/S < 1.0is a mirror
image of the gust waveform shape over 0.0 < x/S < 0.5 without the tip vortex; however with
tip vortex, a wavelength of the gust waveform shape becomes equal to blade-to-blade spacing
and is not symmetrical between 0.0 < x/S < 0.5and 0.5 < x/S < 1.0.

The gust velocity at the tip streamline and at 70.7% span from hub streamline are quite
small for cases without the tip vortex effect, as compared to those cases with the tip vortex
effect. At the hub streamline, this model predicts no tip vortex influence on the gust velocity.
For bt/S = 0.0 (where tip vortex is located at the wake centerline), the upwash velocities at
the tip and 70.7% streamlines shoot up at x/S = 0.0. For bt/S = 0.25, the presence of the tip
vortex is indicated by the large increase atx/S = 0.25 at the tip and 70.7% streamlines; similarly
for bt/S = 0.33, significant tip vortex influence is shown at x/S = 0.33. For buS = 0.5, the gust
velocity shape is altered significantly (it is a downwash instead of an upwash, as was the case
for other bt/S values).

Figure 20 shows the Fourier decomposition of the gust waveforms depicted in Figure 19
to yield the gust harmonic spectra. For b/S = 0.5, the even-numbered gust harmonics are
higher in amplitude (than the odd-numbered gust harmonics), due to two similar dips within
one passage; one due to wake, and one due to the tip vortex. For bt/S = (.25, the dips/hills
due to tip vortex interact with the wake, and the resulting waveform is not symmetric (as was
bt/S = 0.3) which causes higher gust spectral values for odd-numbered gust harmonies. Similar
behavior can be seen from bt/S = 0.33. When bt/S = 0.0, the dips/hills due to wake and tip
vortex yield a sharp gust profile at the wake centerline (similar to an impulse function). This
results in high values for all gust harmonics. At the hub streamline, there is no tip vortex
influence.

Next, the influence of the tangential location of tip vortex on interaction noise is consid-
ered, based on the case demonstrated in Figures 19 and 20. Figure 21 compares the predicted
and measured interaction noise tones; that is, 1A + 1F through 2A +3F tones at an observer
angle of 131° for bt/S = 0.5, 0.33, 0.25, and 0.0. The measured data were obtained from the
GE Cell 41 data base. It is apparent that the tangential location of tip vortex strongly affects
the 1A +2F and 2A + 2F tones; for example, a 10-dB spread (depending on the values of bt/S).
However, the sensitivity of the bt/S value on the other interaction tones is relatively small (less
than 5 dB). However, Figure 19 reveuls large underpredictions of the modei on 1A + 2F and
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1A +3F tones regardless of the value of bt/S. This indicates that further improvement and
modification are needed on the model. Since values of bt/S depend on blade configurations
and aeroperformance, it is difficult to determine the optimal value of bt/S without a detailed
rotor aerodynamics data base at the present time.
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Figure 21. A Comparison of the Predicted and Measured Individual Interaction Tones.

Figure 22 depicts the sensitivity of tone SPL sum of interaction noise directivity to the tan-
gential location of the tip vortex. The sum of interaction tones is not influenced by the different
values of bt/S, up to the emission angle of 120°. The predictions of the SPL sum agree relatively
well with the measured data (accurate within 2 to 3 dB), even though each individual tone pre-
diction was not so good (Figure 21). Figure 22 indicates that the tangential location of the tip
vortex has no significant impact on the interaction tone SPL sum. The value of bt/S = 0.5 has
been used in this report.

3.1.3 Influence of Tip Vortex Trajectory

The influence of the tip vortex trajectory on gust spectra and its consequent influence on
the interaction noise were studied by parametrically varying the Kwx (see Equation 22).
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Figure 23 indicates the predicted influence of the tip vortex trajectory on the gust harmonic
spectra at three streamlines in the tip region. As Kux increases, the tip vortex moves radially
inward. At the tip streamline, the gust harmonic spectrum for Kvx = 0.5 has the highest levels
(compared to Kvx = 1 and 2), since the tip vortex for Kvix = 0.5 is closest to the tip streamline.
For the 89.1% streamline, the gust harmonic spectrum for Kux = 1 has the highest levels com-
pared to Kvix = 0.5 and 2, since the 89.1% streamline is closer to the tip vortex point of impact
when Kvix = 1. However, for the 70.1% streamline. gust spectrum levels for Kvx = 0.5 and |
are about same. This indicates the tip vortex eftects induced by Kvx = 0.5 and 1 are minor at
this streamline location. The gust spectrum levels for Kvx = 2 are quite different from others.
The noted relative dominance of even-numbered gust harmonics over odd-numbered gust har-
monics is due to the fact that the tangential location of the tip vortex is at the midpassage.

Figure 24 shows the influence of the tip vortex trajectory on each individual interaction
tone at an observer angle of 91° along with the data. Apparently, the sensitivity of Kuwx on the
acoustic predictions is insignificant. This probably happens because the gust spectra at differ-
ent radial locations are enhanced for different values of Kwix. The comparisons between data
and predictions indicate that the Kvix values do not improve the accuracy of the model. The
differences between the predictions and data (up to 10 dB) are noted in Figure 24.
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Figure 25 shows the influence of tip vortex trajectory on the directivity of tone SPL sum
of interaction noise. Variations in the tip vortex trajectory do not significantly alter the interac-
tion tone SPL sum: however, the trajectory parameter does significantly affect the interaction
noise prediction for the clipped aft rotor blades configuration, as shown in Subsection 3.1.5.
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3.1.4 Influence of Decay Rate of Tip Vortex

Also investigated was the influence of the decay rate of the tip vortex on gust harmonics
and, thus, on the noise. As discussed in Section 2.2, a power law decay rate was proposed for
the circulation of the tip vortex:

(M. «a L (18)
(1 + s/c)"

The cycle corresponds to a typical cutback. Figure 26 demonstrates the predicted gust har-
monic spectra for tip vortex decaying with different rates at the streamlines of the tipand 70.7%%
span from the hub. The case of no tip vortices also was included for the sake of comparison.
For this study, Kvex = 2.0 and bt/S = 0.5 are used.

The gust spectral levels for the nondecaying tip vortex are the highest. As the rate of decay
increases from 0 to 1/4, to 1/2, the gust spectral levels decrease monotonically.

3.1.5 Influence of Progressive Clipping of Aft Rotor

As discussed in Subsection 3.1.1, the tip vortex is obviously a noise-generating mechanism.
Thus, by clipping the aft rotor to minimize interactions berween the tip vortex and the att rotor
blades, the interaction noise is reduced. This phenomenon has also been verified from the GE
in-house UDF® acoustic data base. The thrust loss due to clipping and the associated required
reduction in shp (shaft horsepower) can be made up either by increasing the rpm, or loading
of the aft rotor; however in this parametric study, no attempt has been made to recover thrust
loss resulting from clipping. This study was conducted with the objective of discovering the
sensitivity (relating to the percent clipping of the aft rotor) on noise reductions. Consequently,
this study considered four values of percent span clipping (5%, 10%, 15%, and 20%), in addi-
tion to 09 and 25% span clippings. Figure 11 presented the planforms of the standard F-7/A-7
and the F-7/A-7 with 25% clipping of span on the aft rotor.

Thrust and shp data are available only at 0% and 25% clippings for M, = 0.25. Figure 27
shows the assumed interpolation of the thrust and shp of the aft rotor with the end points (0%
and 25% clipping) coinciding with data for the 90% rpm case.

The steady loading and thickness noise and the wake/tip vortex interaction noise occur at
distinctly different frequencies for unequal blade number configurations (Figure 12). As illus-
trated in Figure 12, tones associated with the steady loading and thickness noise were summed
on a mean-squared pressure basis; this is also true for the tones associated with the wake/tip
vortex interaction noise. Figure 28 demonstrates the predicted effect of progressive clipping
of the aft rotor on the sum of steady loading and thickness noise. It is evident that the steady
loading and thickness noise reduces uniformly as the percent clipping increases, a reflection
of the assumed performance of clipped aft rotor (Figure 27). Predicted effect of the clipping
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sensitivity on the interaction tones is
portrayed in Figure 29; whereas, the
predicted effect on the OASPL (over-
all sound pressure level) is presented
in Figure 30.

As discussed previously, unsteady
loading interaction tone predictions
depend on many empirical correction
parameters. To predict the clipping
effect on the interaction noise, the tip
vortex strength (Ci) and the tip vortex
tangential location (bt/S) were fixed
at 2.0 and 0.5, respectively. Figure 29
(View A) shows the predicted effect
of progressive clipping of the aft rotor
on wake/tip vortex interaction noise
by using Cq4 = 0.02 and Kvx = 2.0. As
previously stated (Subsection 3.1.1),
the value of Cq4 = 0.02 induces the
strong rotor viscous wakes which con-
trol the interaction noise generation
and reduces the influence of the tip
vortex. Since the tip vortex effect is
small with a combination of these Cq
and Kwx, the clipping effect is also
shown as small (Cq4 = 0.02).

On the other hand, View B of
Figure 29 shows the significant clip-
ping effect when the drag coefficient
is reduced to 0.005 to amplify the
effect of the tip vortex. With the value
of Kvx = 2.0, the tip vortex is located
approximately at 17% span from the
tip of the aft rotor; thus, a large reduc-
tion in interaction noise is obtained
by going from 15% to 20% clipping,
and there are no reductions for per-
cent clippings less than 15% span, as
evidenced in Figure 29, View B.

The predicted clipping effect with
Cy = 0.005 and Kux = L0 1sdepicted
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in Figure 29 (View C), where the
only difference between Views B and
C is the reduction of Kvx (from 2.0 to
1.0). With Kuwx = 1.0, the tip vortex
center is located at about 8% span;
thus, a significant noise reduction is
observed with the 10% and 15% clip-
pings. Hardly any noise reduction is
noted for clippings less than 5% or
greater than 20%, since the influence
of the tip vortex is concentrated at
approximately 8% span.

Figure 30 (Views A through C)
reveals predicted OASPL directivi-
ties for the various percent clippings
with values of C4 and Kwx corre-
sponding to those used in Figure 29
(Views A through C, respectively).
The OASPL reduction due to the aft
rotor clipping is clearly shown, but
the magnitudes of reduction are not
as significant as those of the interac-
tion noise. This is primarily due to
the relatively high levels of the aft
rotor steady loading and thickness
noise.

This study has demonstrated that
the current tip vortex model can be
used to predict the interaction noise
reduction that can be attained by the
clipping of the aft rotor. However, to
determine the optimum value for
percent clipping of the aft rotor. in
terms ot noise reductions at & nom-
inal thrust loss, the empirical correc-
tion parameters of the current model
need more refinements. This effortis
currently in progress as part of a GE
IR&D project.



3.2 Data - Predictions Evaluation

Systematic data/theory comparisons are performed to evaluate the applicability and limita-
tions of the current tip vortex model. Figure 11 provided a planform of the standard F-7/A-7
blade design, along with the clipped aft rotor. Narrowband acoustic data, measured at Cell 41
for the F-7/A-7 (standard and clipped) blade geometries at a freejet Mach number of 0.25 and
an axial distance of 0.2408 between pitch-change axes angle, were used to perform the follow-
ing comparisons of data and theory. The acoustic data have been transformed from the freejet
situation to an equivalent flight situation by accounting for the refraction effect of the freejet
shear layer using ray theory, in order that a one-to-one comparison of data and theory can be
performed. These comparisons, as discussed below, refer to a 90% rpm case (Test Points 3706
and 4110). Test Point 3706 is for the standard A-7 blade, and Test Point 4110 is for the clipped
A-7 blade. For Test Point 4110, the aft pitch angle was opened to recover the thrust loss due
to clipping, but the rpm was maintained to be the same for both standard and clipped configura-
tions. Figure 31 identifies the shp and pitch angle data. The narrowband data emploved has a
bandwidth from 6 Hz to 5 kHz. Since the BPF is at about 1 kHz, the narrowband data contains
tones up to about 5 harmonics of BPF.

Figure 31 compares measured and predicted directivities of the tone SPL sum of all of the
steady loading and thickness noise for standard and clipped aft rotor blades. The tone SPL
sum was obtained by adding only the tones associated with the steady loading and thickness
noise of the forward and aft rotors on a mean-squared pressure basis. The measured reduction
in steady loading noise due to the clipping of the aft rotor is well predicted; the directivities
also are in relatively good agreement. Figure 32 compares the measured and predicted steady
loading and thickness tones for standard and clipped aft rotor at an observer angle of 105°. The
measured and predicted reductions in tone levels of the aft rotor BPF and its harmonics, indi-
cated by 1A and 2A, due to clipping are in good agreement. The measured and predicted tone
levels of the forward rotor BPF and its harmonics (denoted by 1F, 2F, and 3F) are also in good
agreement. Actual tone data reveal a slower falloff with an increase in harmonics, as compared
to the predictions; this may indicate the presence of some inflow distortion into the rotors.

Figures 33 through 36 compare the predicted and measured tone SPL sum for wake/tip
vortex interaction noise for unclipped and clipped att rotor cases. As previously discussed, the
interaction tone predictions are sensitive to the empirical constants utilized in the tip vortex
model. Therefore, several sets of the empirical constants are tested in the following data/theory
comparisons and are specified in each figure. The term “no tip vortex” in the figures indicates
that the tip vortex model was turned off for the specific predictions and that, these interaction
tones are induced only by the forward rotor viscous wakes. The tone SPL sum was obtained
(as in the case of steady loading and thickness noise) by adding all of the interaction noise
tones on a mean-squared pressure basis.

The predictions presented in Figure 33 were performed using the empirical constants of

Cd = 0.02,C; = 2, Kvx = 2.0, and bt/S = 0.5 for the tip vortex model. As discussed, the value
of Cq = 0.02 produces such strong viscous wakes that the tip vortex effect is masked. However,
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the predictions with no tip vortex indicate that the clipping blade increases the interaction tone
sum, which contradicts the data. The predictions in Figure 34 are performed with a C4 of 0.005;
results indicate the accurate predictions of the clipping effect, but with the underpredictions
of the SPL. Without the tip vortex model, Figure 34 shows that predictions for both the stan-
dard and clipped blades are underpredicted and that, the interaction tone noise is still higher
for the clipped case than for the standard case. The Figure 35 predictions are performed with
the same empirical parameters as in Figure 34, except that the tip vortex value is reduced from
2.0 to 1.0, in order to locate the tip vortex center closer to the tip of the standard blade. As a
result, the prediction for the standard blade agrees relatively well with the data, but the clipped
blade is still underpredicted. Finally, Figure 36 presents the predictions made with the same
empirical constants used in Figure 35, except Ci is increased to 3.0. With this set of parameters,
the data/theory comparisons show good predictions for the standard aft blade configuration;
however, the inaccurate prediction of the clipped blades was still present. Since predictions
with no tip vortex are not affected by the Kvx and C; values, the no tip vortex comparisons in
Figures 34 through 36 are identical to each other.

Next, data and theory comparisons of the individual interaction tone directivity contained
within the interaction tone sum of Figure 36 are examined utilizing the empirical constants of
Cd = 0.005, Ci = 3, Kwx = 1 and bt/S = 0.5. Figure 37 compares predicted and actual data
for 1A+ 1F,2A + 1F, 1A +3F, 2A + 2F and 3A + 1F interaction tones (Table 1 identifies these
interaction tones), both with and without the tip vortex model. For each interaction tone, the
predicted AdB between standard and clipped aft rotors is in better agreement with the data
for cases with tip vortex influence, as compared to those without tip vortex. Note that predic-
tions for the clipped aft rotor (with or without the tip vortex model) have altered only slightly.
However for most individual interaction tones, the predictions tor the standard aft rotor with
the tip vortex model have increased, relative to those without the tip vortex model. In general.
itis obvious that the current acoustic prediction model including viscous wake/tip vortex model
can not predict accurate individual interaction tones, even though (as demonstrated in Figures
33 through 36) the interaction tone sum can be well-predicted.

To examine the effect of the rotor viscous wake alone, Figure 38 demonstrates the pre-
dicted spanwise variation of the streamwise distance per chord, normalized wake centerline
defect, and the semiwake width for Test Point 3706, with the Cq values of 0.02 and ().003. This
figure does not contain the tip vortex effect. It is seen that due to relatively large s/c values in
the tip region, the wake has decaved much more (compared to the hub region). The semiwake
width determines the shape of the gust harmonic spectra, and the wake centerline defect deter-
mines the amplitude of the gust spectra (Reference 3). The harmonic falloff rate increases as
the semiwake width increases. The amplitude of the gust spectra increases with a correspond-
ing increase in the wake centerline defect. Due to the deeper (larger values of the wake center-
line defect) and the narrower (smaller values of semiwake width) wakes in the hub region,
compared to the tip region, the gust harmonic levels that are due to wake alone are much
higher in the hub region tham in the tip region. Therefore, the contribution of the wakes from
the outer 25% span in the tip region probably is not a significant contribution to the total inter-
action noise. Accordingly, the outer 257 span of the aft rotor was clipped: the total interaction
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noise is not predicted to be much different from the standard blade case (for the wake alone
model).

A set of data and theory comparisons also were generated for 80% rpm for standard (Test
Point 3704) and clipped (Test Point 4104) aft rotor blades. Aeroperformance data for these
two test points are contained in Figure 39, where the pitch angle of the clipped aft rotor is
opened more (than that of the standard aft rotor) to recover performance loss caused by the
clipping. Figure 39 compares the measured and predicted directivities of the tone SPL sum of
steady loading and thickness noise for standard and clipped aft rotor configurations. As in the
case of 90% rpm (Figure 31), the predicted reduction in steady loading and thickness noise
due to clipping of the aft rotor is in relatively good agreement with the data.

Figure 40 compares measured and predicted effects of clipping of the aft rotor on interac-
tion tone SPL sum, with and without tip vortex model. The predictions are performed with the
empirical constants of C4 = 0.005, C; = 3, Kix = 1, bt/S = 0.5, as in Figure 36 of the 90%
rpm case. As in the case of 90% rpm (Figures 33 through 36), when the tip vortex model 1s
included in the predictions, the predicted AdB between standard and clipped aft rotor is in bet-
ter agreement with the data, as compared to those where the tip vortex model is not included.
The predicted AdB with the tip vortex model between standard and clipped aft rotor, however,
is greater than the measured adB. Since the C; (or strength) of the tip vortexis computed based
on the average lift coefficient over the outboard 30% of the span in the current model (Section
2.2), the strength of the tip vortex is reduced at lower rpm; hence, the prediction at 80% rpm
(due to clipping) is seen as lower than that predicted at 90% rpm. The measured adB due to
clipping at 80% rpm is seen as greater than that at 909% rpm (Figures 36 and 40). Hence, the
predicted change (with the tip vortex model) of the effect of clipping with rpm contradicts
other data with this particular set of empirical constants.

Figure 41 summarizes the comparisons for the measured and predicted effect of clipping
of the aft rotoron 1A + 1F, 2A + IF, 1A +2F,3A + 1F, 2A + 2F, and 1A + 3F interaction tones
at 80% rpm, with and without tip vortex. Figure 41 indicates that predictions for the standard
aft blade are in relatively good agreement with the data using the tip vortex model, although
data/theory comparisons for the clipped blade need improvement. In general, the predicted
AdB (due to clipping of the aft rotor) when the tip vortex model is included is still in better
agreement with the data, as compared to those predictions not including the tip vortex model.

These comparisons ot data and theory show that the current model can be utilized to inves-
tigate the noise characteristics of the UDF® blade contiguration and can, eventually, become
a useful design tool when the empirical constants used in the present model will be determined
accurately from well-controlled experimental studies.
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4.0 Conclusions and Recommendations

This report has documented the analytical modeling, limited data and model prediction
comparisons, and certain key parametric studies pertaining to the tip vortex as a part of the
noise-source mechanism for unsteady loading noise of counterrotating propellers. The viscous
rotor wake effect is also modeled in order to compute the unsteady loading noise. The upwash
field created by the combined tip vortex and the viscous rotor wake was analytically modeled
employing an approach previously taken for fan tone noise. The strength, size, and streamwise
development of the tip vortex are empirically modeled, based on fixed wing and helicopter
rotor data. The present work should be considered as a basic frame model containing a number
of empirical constants. These constants cannot be defined accurately at the present time, due
to insufficient aerodynamics data for the UDF® blades configurations. However, the model
has been structured in such a manner that it can be improved and refined with minor modifica-
tions when detailed UDF® aerodynamics data become available. Some of the significant con-
clusions and recommendations for future work are presented in the following sections.

4.1 Conclusions

The following significant conclusions are a product of the above-described analyses:

e The measured reduction in interaction noise due to clipping of the aft rotor is very
well predicted by the tip vortex model; however, the wake-alone model (that is,
without the tip vortex) could not predict the measured reduction in interaction
noise due to clipping.

e The tangential location of tip vortex affects the gust harmonic spectra which, in
turn, has a relatively small bearing on the interaction noise (an average of 5 dB).
The influence of the bt/S value on the interaction tones sum predictions is minor.

e Tip vortex trajectory does not have a noticeable impact on the interaction noise
for the standard aft blade configuration; however, it controls the effectiveness of
the clipping on interaction noise levels for the clipped aft blade configuration.

e The decay rate of the tip vortex has a very significant effect on the noise reduction
achievable due to an increase in rotor-to-rotor spacing.

e The section local drag coetficient and the tip vortex strength interact with each
other and have a strong influence on the interaction tones.

4.2 Recommendations

Various physical parameters of the tip vortex, such as the tangential location and strength
of the tip vortex, had to be extracted from the measured acoustic data. An improved aerody-
namic model of the tip vortex would reduce the amount of empiricism in the model. These
improvements can be attained either through experimental measurements of flow fields or
through flow-field computations.
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An axisymmetric model is recommended for the tip vortex (rather than an unwrapped
annulus model), due to the significant geometric and aerodynamic radial variations of the
blades. Such an approach may require a numerical solution rather than the analytical (closed
form) solution that has been possible with the unwrapped annulus or rectilinear array of vor-
tices adopted in the existing model.

In the current tip vortex model, an axial velocity component of the tip vortex has not been
considered, which may affect the upwash perturbation velocity as much as the tangential com-
ponent of the tip vortex.
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6.0 Nomenclature

a Radius of the core of the tip vortex

AR Aspect ratio (span/chord)

br Radial distance of the center of the tip vortex from rotor tip

bt Tangential location of the center of the tip vortex in the
interblade passage relative to wake centerline

B1 Number of blades in the forward rotor

B2 Number of blades in the aft rotor

c Chord

Ca Axial Chord

Cp Local section drag coefficient

Ci Circulation index (Equation 13.1)

CL Local section lift coefficient

dBA A-weighted dB level

Dtip Tip diameter

D11 Tip diameter of forward rotor

D12 Tip diameter of aft rotor

fs1q q[h harmonic of steady loading and thickness noise of forward rotor
(see Equation 20)

fsor rth harmonic of steady loading and thickness noise of aft rotor
(see Equation 21)

fwqr r™® harmonic of aft rotor unsteady noise due to q[h gust harmonic

HTR Hub/tip-ratio

Kvx Empirical constant for tip vortex trajectory (see Equation 19)

M_ Aircraft Mach Number
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M,N.,p

Mwgr

OASPL
PNL

Rhub
Riip
Rux
R11
RPM1
RPM2

SPL
Stip
UDF
Ve
Viip
Vs

(Ve)max

Parameters associated with the tip vortex (see Equations 3-5)

Spinnin hmode number of ' harmonic of aft rotor unsteady noise
due to q - gust harmonic of forward rotor

Exponent for decay of circulation of tip vortex (see Equation 16)
Overall sound pressure level

Perceived noise level

Gust harmonic

Radius

Radial distance from center of vortex core
Hub radius

Tip radius

Radial location of tip vortex

Tip radius of forward rotor

RPM of forward rotor

RPM of aft rotor

Blade-to-blade tangential spacing
Streamwise distance

Sound pressure level

Blade-to-blade tangential spacing at the tip
Unducted fan

Aircraft flight velocity

Tip speed

Tangential velocity created by tip vortex
Maximum value of tangential velocity created by tip vortex

Freestream velocity
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Wdc Wake centerline defect (relative to forward rotor)

WEFs Freestream velocity (relative to forward rotor)

X,y Coordinates of the unwrapped annulus (see Figure 2)
Xt Axial distance from pitch change axis of forward rotor
XPCA Axial distance between pitch change axes

Zux Axial location of tip vortex

Greek Symbols

r Circulation
(Dvex Circulation of the tip vortex
5 Semiwake width

T Tip clearance

w Angular velocity of the tip vortex
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Appendix A

User’s Manual for Blade Tip Vortex Model Computer Program

The tip vortex model computer program developed for counterrotating propulsors is
described in this appendix. This computer program is based on a similar program for evaluating
turbofan/compressor rotor/stator interaction and also has an option to include a hub vortex
(References 3 and 4). This study concentrated on developing the tip vortex model only. This
appendix is divided into the following sections:

A. Description and Flow Chart of the Computer Program
B. Listing of the Computer Program
C. Definition of Input/Output Parameters
D. A Sample Input/Output Case.
A. Description and Flow Chart of the Computer Program

The computer program predicts the wake/tip vortex flow distributions of the forward rotor
and the resultant upwash gust velocity field at the aft rotor. Based ona meridional-plane stream
surface subdivision of the rotor-to-rotor flowpath annulus, the program is designed to use the
following as input:

e Forward rotor inlet and exit aerodynamic vector diagram parameters
e Blade section properties such as solidity, chord, and sweep

e Aerodynamic properties (such as section drag and lift coefficients), as a function
of immersion.

The viscous wake and tip vortex model is programmed to predict blade-to-blade circumfer-
ential distributions of the flow field at the one-fourth-chord point of the aft rotor in areference
frame fixed to the aft rotor. The computer program has all of the logic built into it to predict
the flow field due to a hub vortex, but the empirical relationships for the hub vortex characteris-
tics have not vet been developed. The computer program is designed to transform the forward
rotor-fixed wake and tip vortex combined flow velocity profiles into a reference frame :ixed
t0 the aftrotor to evaluate the gust velocity profiles. Fourier analysis of the gust velocity protiles
vields the gust harmonic spectrum. An analysis for evaluating the spanwise distortion and
clocking of the wake/tip vortex sheet is incorporated into the program to predict the spanwise
aerodynamic phase lag of the wake/tip vortex velocity field; thereby obtaining the spanwise
distribution of the amplitude and relative phase of the gust upwash harmonic content. A flow
chart of this computer program is presented in Figure A-1. The computer program output
(specifically, gust harmonic spectrum and aerodynamic phase lag) forms input to the compu-
tation of the unsteady lift force computation and. subsequently. noise due to wake/tip vortex
interaction.
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The following specific features are incorporated into the computer program.

e Three models of predicting the centerline defect and semiwake width:

- Linear-rational-function model (see Reference 3)
- Kemp and Sears model
~  Mugridge and Morfey model.

e Two wake shape functions; namely:

The computer program source code contains approximately 1000 lines. It consists of:

In2"?
_  Gaussian profile (" )

- Hyperbolic secant profile [sech (an), a = cosh"2].

Tip and hub vortices are incorporated in the program with options to include both,
neither. or either one of them. Certain existing empirical relationships have been
used in estimating the strength and radius of the tip vortex: however at this time,
no such information is available for the hub vortex model. When such correfations
for estimating the strength and radius of hub vortex become available. thev can
be incorporated into the computer program. The computer code also gives the
trajectories of the centers of hub and tip vortices.

Main program, which manipulates input, output, and all of the subroutines. It also
computes the tip-to-hub aerodynamic phase lag, once all of the streamline compu-
tations have been pertormed.

Subroutine RWTVM, which combines the flow fields due to wake and tip vortex
and performs the coordinate transformation from the one fixed to the torward
rotor, to the one fixed to the aft rotor.

Subroutine WAKE1, which computes the wake centerline defect and semiwake
width.

Subroutine WAKE2, which computes the tangential wake profiles.

Subroutine VORTX 1, which computes the vortex strength and radius ot tip and
hub vortices.

Subroutine VORTX2, which computes the velocity field induced by tip and hub
vortices.

Subroutine HRMONIC, which computes the harmonic content of rotor wake/
vortex gust.

Subroutine GAMCAL, which computes the ratio of specific heats forairas a tunc-
tion of ambient temperature.
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e Subroutines PITCH1 and PITCH2, which compute the blade coordinate changes
(and, thus, spacing) due to changes in pitch angle, relative to design setting for
forward and aft rotors, respectively.

e Subroutine LSPFIT, which is an interpolation/integration subroutine.
B. Listing of the Computer Program

A listing of the computer program in the DEC/FORTRAN-77 language is included in this
section.
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C. Definition of Input/Qutput Parameters

This section of the appendix defines all input and output parameters of

the Rotor Wake/Tip Vortex Model (RWIVM) computer program.

The input is read

into the computer program in terms of two input files, one for each rotor.

Input Parameters

Input parameters are grouped under:

a
b.
c.
d.

a.

Blade geometry

Blade aerodynamic performance and ambient conditions

Wake parameters (for forward rotor only)

Tip vortex parameters (for forward rotor only)

Blade Geometry Input Parameters

BETAP -

BETA34

CHORD

DELBP

DT

HTR -

NB

NZ

Design or reference blade section pitch angle,

degree; input one value for each streamline.

Pitch angle at 3/4 radius ratio (R/Rti )} of the blade

for a particular operating condition.

Blade chord normalized by tip diameter, input one

value for each streamline.

Pitch angle change from design, degree
Tip diameter, feet

Hub-to-tip radius ratio

Number of rotor blades

Number of propellers

Number of spanwise stations
Maximum value = 10 = default value

Note:

Streamline Number 1 should be the tip streamline.
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PCTCL - Percent span clipped (applies to aft rotor with clipped
tip)

TMOC - Maximum blade section thickness normalized by chord.
Input one value for each streamline.

XPCA - Distance between the pitch change axes normalized by
front rotor tip diameter

™C - Tangential location of blade midchord line relative
to pitch change axis normalized by tip diameter at
design pitch angle. Input one value for each
streamline.

Z - Radius normalized by tip radius.

Input one value for each streamline.

ZMC - Axial location of blade midchord line relative to
pitch change axis, normalized by tip diameter, at
design pitch angle. Ioput one value for each
streamline.

b. Blade Aerodynamic Performance and Ambient Input Parameters

ALPHA - Blade section angle of attack, degrees; input one
value for each streamline.

NCASE - Number of cases
Default value = 1

PAMB - Ambient pressure (static pressure) in psi

RPM - RPM of the rotor (physical)

SHP - Shaft horsepower of the rotor (physical)

TAMB - Ambient temperature (static témperature) in ° F

Vo - Flight speed, fps

c. Wake Parameters

BETAW - Parameter to account for wake flow angle variation from
freestream.

Default value = 0.0.
IPRNTW - Option to print the velocity profiles

IPRNTW = 0 - No
IPRNTW = 1 - Yes
Default value = 0
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IRW -

ISHAPE -

IWAKE -

NSTEP

SCD -

wriv. -

d. Tip

Option to compute wake/tip vortex gust field
IRW = 0 - No

IRW = 1 - Yes

Default value = 1

Wake tangential profile option

ISHAPE = 1 - Hyperbolic secant profile
ISHAPE = 2 - Gaussian profile

Default value = 2

Rotor wake model

IWAKE = I - Linear rational function model
IWAKE = 2 - Kemp and Sears model
IWAKE = 3 - Mugridge and Morfey model

Default value = 2

Number of points in the velocity profile across one
blade spacing
Maximum value: NSTEP = 150

Number of sequential harmonics required for Fourier
analysis.
Maximum value: NWHM = 21.

Local section drag coefficient.
Input one value for each streamline.

Reference velocity by which the gust upwash velocity
harmonic coefficients are normalized, fps

Default value: VREF = 10.0.

Inviscid velocity gradient, normalized by wheel speed.

Default value: WTIV = 0.0.

Vortex Parameters

CI -

THBVTX

ITPVTX

PCTVTX

Circulation index for tip vortex strength (see Eq. 13a).
Default value: 1.0.

Option to include hub vortex
IHBVTX = 0 - No

IHBVTX = 1 - Yes

Default value: IHBVTIX =0

Option to include tip vortex
ITPVTX = 0 - No
ITPVTX = 1 - Yes

Percent outboard span whose circulation gets rolled up
into tip vortex.
Default value: PCTVIX = 30.0.
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SBN(1)

Tangential distance normalized by tip blade spacing
for the tip vortex center (see Figure 2, bt)'

SBN(2) - Tangential distance normalized by hub blade spacing
for the hub vortex center.

TAU - Tip clearance normalized by the rotor chord at the
Bzg;ult value: TAU = 10.0.

TVII - Tip vortex trajectory index (see Eq. 19).

Default value: TVTI = 2.0.

Qutput Parameters

Output parameters are grouped under:

a. Blade parameters

b. Wake parameters

c. Tip vortex parameters

d. Velocity profile parameters

e. Gust spectral parameters

a. Blade Parameters

BETAP - Pitch angle for the case under study, degrees
CD - Blade section drag coefficient

CHORD - Chord normalized by tip diameter

CL -~ Blade section lift coefficient

FA - Face alignment normalized by tip diameter
MCa - Midchord alignment normalized by tip diameter
R/RT - Radius normalized by tip radius

SHP/AA - Shaft Horsepower/(Annulus Area)

SHP/D2 - Shaft Horsepower/(Tip Diameter)?

b. Wake Parameters

CD - Blade section drag coefficient

SDIST - Streamwise distance to 1/4 chord point of aft rotor from
forward rotor trailing edge normalized by forward rotor
chord.
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WIDTH

wD/UT -

WFS/UT

X/C -

Semiwake width normalized by blade spacing

Wake centerline defect normalized by local wheel speed
Free-stream velocity normalized by local wheel speed

Axial distance to leading edge of aft rotor from trailing
edge of forward rotor normalized by forward rotor chord

Vortex Parameters

A/S -

AQ/S

BN -

BRRT -

CIR/
(8*U)

CIRCO/
(s*U)

VsSDV/U

VsSDVo/U -

d. Velo

Radius of the tip vortex core normalized by forward
rotor tip spacing at the 1/4 chord point of the aft
rotor.

Radius of the tip vortex core normalized by forward
rotor tip spacing at the trailing edge of forward
rotor tip.

Tangential location of the tip vortex normalized by
tip blade spacing.

Spanwise location of the tip vortex from the rotor
tip normalized by tip radius.

Circulation of the tip vortex core at the 1/4 chord
of aft rotor normalized by the product of forward
rotor tip spacing and tip speed.

Circulation of the tip vortex core at the trailing
edge of forward rotor tip normalized by the product
of forward rotor tip spacing and tip speed.

Streamline velocity defect of tip vortex core at 1/4
chord of aft rotor normalized by blade tip speed.

Streamwise velocity defect of tip vortex core at the
trailing edge of forward rotor tip normalized by
blade tip speed.

city Profile Parameters

ALPHA -

THETA

Flow angle of the velocity vector relative to aft rotor to
the axial flow direction, degrees

Index for tangential profile

Tangential distance from wake centerline divided by blade
spacing

Angular location relative to the wake centerline, degrees
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VN - Normal (upwash) velocity relative to aft rotor divided by
forward rotor wheel speed

VS - Streamwise velocity relative to aft rotor divided by for-
ward rotor wheel speed

vT - Total (vector sum of VN and VS) velocity relative to aft
rotor divided by forward rotor wheel speed

VPN - Normal (upwash) perturbation velocity from the free stream
relative to aft rotor divided by forward rotor wheel speed.
Fourier coefficients are evaluated for this profile.

VPS - Streamwise perturbation velocity from the free stream
relative to aft rotor divided by forward rotor wheel
speed.

VPT - Total (vector sum of VPN and VPS) perturbation velocity
relative to aft rotor divided bv forward rotor wheel
speed

WN - Normal velocity relative to forward rotor divided by for-
ward rotor wheel speed

WS - Streamwise velocity relative to forward rotor divided by
forward rotor wheel speed

WwT - Total (vector sum of WN and WS) velocity relative to
forward rotor divided by forward rotor wheel speed

e. Gust Spectral Parameters

AERO PHASE LAG - Phase lag relative to tip streamline, degrees

2*CMOD -

20%L0OG -
(2XCMOD)

NH -

PHASE

2X amplitude of complex Fourier coefficient of upwash
perturbation velocity divided by wheel speed (factor of 2
to take into account both positive and negative gust
harmonic numbers)

dB level of the (2%CMOD) of upwash perturbation
velocity, VREF, defined by:

20 log (2*CMOD*WHEEL SPEED/VREF)
Gust harmonic number

Phase of the complex Fourier coefficient of upwash pertur-
bation velocity, radian
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D. A Sample Input/Output Case

A sample input/output case enclosed in this section pertains to F7-A7
blade geometry at 80% design rpm in a 9x8 configuration at a flight Mach
pumber of 0.25 (Test Point 3704). The axial distance between the pitch change
axes equals 0.2408%tip diameter of forward rotor. The spanwise variation is
prescribed in terms of geometric and aerodynamic data at ten streamlines.

The input is prescribed in terms of two data files, one for forward rotor
and another one for aft rotor.
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T F7Z2704\V.DAT
S INFUT
MCASE=2
DT=2.05 HIR=D.42¢ NE=9
SHF=203.% RPM=4722 DELEBF=-183.5352
YO=284.74 TAMB=43.585 FrAMB=14.7 HNF=1
YFCA=. 2408 BETAI4=41.8
MZ/ZI=
L. 979 9576 9144 (38221 .7184 .5%94 .5189 4752 L4727
IMC=
LOIFTE LOSEI8 L0Sol2 04047 01881 -, 00108 —. 01271 —-. 01088
—. 00674 D009

YMC=

L6248 L 0S609 L4970 (OITTO L016854 L 00035 -, 00563 —.WI4]
= QO0TE 002413

CHORD=

LOTDT L0361 L0700 088 J10SH L1200 L1279 L1078 L1207l L1068
[MHs=

S 02T L0218 02 02T L0299 L0462 L0064 0805 L 1ol
BETAF=

FIoh 45,0 48 30,2 S3.8 S8L5 4408 LHU.F Tod IOl 7

[HE TA=

ST USRS LTS 09T 14 (D00 D70 L TTOS L ngy L dd
Sl

l_“irr)_‘_l

[SHAFE=Z, ZETAt=0, ), MWHM=1O

VREF=10.0, NSTEF=101, [RW=1, [WAKE=?

IFRNTY=0, 3CD=10%¥.01%5 WTIV=0,0

ITRYTY =1 [RHBYTX=D SBEM=.5 0. TAU=10.0 Cl=1.0 TYTI=2.0

[nput File for the Forward Rotor

RIGINAL PAGE 1S
g& POOR QUALITY
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T A7IZ704.DAT

& IMFUT AR A
MCASE=2 . IR U
DT=2.20 HTR=0.,4137 Ee=8

SHF=208.7 RFM=&718 DELEFP=-17.428

BETAT4=41.4

MNZ/Z=

1. .9774 9554 9105 .8015 7105 .384% .3S078 .44644 41357
IMC=

L0S4472 04971 0425485 L 0T416 JOLIS1 —L00314 - 01665 —-.01454
-. 00877 —.000773

YMC=

L0574 L0517 L0OSI40 L04127 L01812 L00T68S - 00S3T —. 00373
-. 000895 L 003T2?

CHORD=

LOTATT L0ST7TL O L07378 L0F167 11107 12748 13149 13141
17 .12856

TMOC=

L0400 025 0212 L021 02738 L0298 L0471 L0662 L0386 L1048
BETAF=

35,7 47.7 48.7 S0.3 S5.7 S6 bULE LT.T7 H4.3 64012

THETA=

I8 L08s L0 D LT LS L2 J27I JITIE L1810 .44
ALFHA=

LN,

Inout File for the Aft Rotor

105



{ ebeg

1211

L8861 -AON-9

"

NVISd 00L b1 GWVd 3¥YNSSIUd LNITIAWY

i)

d 530 S9° 8P WYL JFUNILVYUIAHIL ILNITAWHY

bLovel = (544) OA KLIDOT3IA 1HOITA
0°81L9 = (Hd¥) 033dS JAILYIOH
0t 802 = dHS YIMOJISHOH LJIYHS
8 = GN S3aAVIE 40 HIAWNN

It

L4 000072 13 M3LIWVIQ dI1l ¥H3IT13d0ud
e 1 "ON 3SVD - SYILIWVHEYI LNANI Z HOLOH ««»

1 = dN SH3ITI1340¥Wd 40 H3IAHAON

¥YI1Sd 00L FTY

L

GWVYd 3YNSS3IUd LNIIAWY

it

4 930 s$9° 8V GWYL JUNIVHIAWAL INIIGWY

v vee = (S544) 0A X1ID073A IHOITS
0°TTLY = (Hd¥) a3ads IAILVIONH ©
06°607 = dHS HIMOAISHOH LJIYHS m
6 = gN S3aVIA 0 HIAWNN

n

‘L4 0050°2 1d H3IL1IWYIQ 411 ¥3IT13d40Hd
e T "ON 3ISYD -  SUILIWVEVE LNANI T HOLOY asss

TH:TZ:(T 3WIL ‘LRe~-AON-9 31VQ
IVQ POLELY S1 3IT14dNUD LAY

IVA APOLELd ST ITIAANHD JUYMYO4

aiaanIoNI TIAOW XILHOA/INVM

TIGOW NOIILVHIXOBAAY 3IDOVINNS dYLIN

WYHD0dd NOILDIQI¥d 1ISND HOLOY 3dn

coxsy HALMY awsw 0

T!NYd AFOLELINYIANED " ¥SYN ALIOTHYHD ]t 0ana



Le 9L = YY¥/dHS 9NIAVYOT ASId
66 8¢ = 7G/dHS DYNIAYOT ASIQ
14 DS 969°2 = VY3I¥Y SNTINNNY ¥OLOY
06°60Z = 4dHS 0OWIVY IATILIIA4T
1 ¥010¥
L168°0 €£00°0- 8000°C 8°0S 00°0 groT 0 98210 6S1E°0 01
67160 6200°0- €800°0- IV 1S 00°0 09680°0 O00EY"0 EEOE'O 6
£YT6°0 T€00°0- LVTIO0 0~ ZTE 0§ 00°0 7990°0 PFIET"0 BLOG O ]
§926°0 GEOO O~ TLTID°0- TT LY 00°0 TLv0°0 GIET'0 SE8S°O L
L0960 B8HOO O- 9000°0- Z9°ZV 00°0 8620°0 GEZT'0 GOT1L°O 9
89bE°0 6900 °0- LTZO 0 T6°6F 00°0 gET0'0 OTYT-O0 S108°0 S
9¢E6°0 (900°0- ZFSO0°0 T6°9¢ 00°0 0T20°0 (L160°0 SO0T6°0 4
GEE6°0 0010°0- $690°0 TE°SE 00°0 Z170°0 8€L0°0 bSG6°0 £
£696°0 9010 0— €9L0°0 ZE'PE 00°0 0520°0 LLSO°0 9LL6°0 z
66971 ©800° 0- 6¥80°0 76 1¢ 00°0 00K0°0 E€PEO°O 0000°T 1
10 v YOW dvl3s YHATY 3/R1 QYOHO 1374 NOILD3S
7 4Oolod - S3ITIHIJOMd NOILDIS 3IQVI8 J0O 379VL
0610°0 8€00°1 ©0Z00 0- LI00°0 S9°SS 00°0 GZOo1°0 09Z1°0 6LZF O 1A
0ST0°0C bHHOO T 6100 °0— 5900 0- SE'GS 00°0 5080°0 TLZT'0 C9Lt'O 6
0ST0°0 0Z86°0 L0000 0— P1T0°0- SB €S 00°0 0F90°0 8LIZT "0 681S°0 8
0S10°0 €296°0 €000 °0- 6€10°0- SL 6t 00°0 79v0°0 SLITT 0 OFES'O L
0S10°0 9896°0 6000 °0- L0DD 0- GT'EY 00°0 66Z0°0 00ZT1°0 tBIL'O 9 m
0ST0°0 2826°0 ZZOO '0O- 6vI0°0 SL'BE 00°0 0f2o0°0 8S0T°0 17Z8°0 S —
0510°0 LSK8°0 TE00°0- ZS50°0 ST°6G¢ 00°0 00Z0°0 0880°0 FFT6°0 4
0S10°0 (8BZ8'0 VEDO O- SOLO'O0 G6°Z¢ 00°0 gIZ0°0 €O0LO 0 9(S6°0 €
0610°0 €828°0 7Z00°0- 88LO'O ST 1€ 00°0 0s20°0 T960°0 06L6°0 z
0ST10°0 9566°0 G000°0 G980°0 SE'8Z 00°0 00¥0°0 (LZEO'O0 0000 T 1
an 10 A\ E] ¥YOH dviad YHAETY J/HL Q4¥oHD 144 NOILD3S
1 goiod - S3IIL¥3IJOo¥d NOILDIS 3AVIE 4O 318YL
5989°0 = “ON HOYHW TYDOIT3H
9(GZ°0 = "~ON HOVHW IHDIT4
b9£9°0 = °"ON HDVYW Q3345 dIl
LT0L 0 = “ON HOVYW I¥O1T3H
9LSZ°0 = ~ON HOVH LHDITA
(7%9°0 = °"ON HDOYW 43345 dIl
2 =3ANYMI
1T = MmAI
gOKPZT 0 = VDdIX
1 = dN S¥3T13IJ0¥d J0 HIAWNN

¢ obeg 17:L1 (R6T-NAON-9 fzxm.Zro::zf_a:muim,«z.f;.ogxm:u_uom:at



€0 0t- Z61000°0— LEPOOO O S
06 €T~ 960000 0~ 976000°0 ¢V
8T Gob- 560100°0- 9L0000°0 ¢
P66 ET1- z70000 0~ E£BLT00'0 ¢
Py 01— 800000°0 S9TF00° 0 I
a0 ' (dOWDT)D01+02 ISYHa QOWD 7 HN

MOTd XALYOA/INYM HOLOH 20 LNIINOD DINOWHVH

6601°0 = 1448

0006°0 = NG

’ 9810°0 = (NeS)/¥ID
6000°0 = (N.S)/0DHID

0000°0 = Nn/AQSA

0000°0 = n/0aasa

10100 = s/¥

€000°0 = S/0Y

SYILIWVYVYI XILY0oA dIL

1£80°0 = HLAIM 3INVM

96(T1°87 = 1510s
1zZIL"9 = 2/X%
780070 = Ln/am
9gzo"1 = 1Nn/saM

X3LY0A 9NH ON

108

0s10° 0 = ad

--— 1 H3IAWNN 3INITIWYIYLS —--

HAGWNN ISVYD

HWYHYD0Hd MOTJ XILYOA/3INVM HOIO¥

160° 1 =d> IN3IIDIJ3430D uIMOJ

Lt1°08 = VY/dHS ONIAVO1 NS14

80° 25 = 7a/d4HE ONIAVO1 ANSIA

14 DS 866°7 =  y3¥dY¥ SAINNNY d0l0¥
0f 902 = dHS OHM3AVY 3AILDIAA3

Z ¥Yoloy

L16°0 =d> INIIDIJ430D WIMO

¢ ebeg T7:L7 £96T-AON-9 ~wzzm.>¢oﬁmp_z¢mo=zu.<m<z.mayogz<:u_uomsas



WYHD0dd MOT4d XILYOA/INVM HOLOH

P oLE- T6L000° 0~

[ ASES A 802000°0
L€~ 990000 0-

19 €8~ S€0000°0

€6 6T~ gEO0D00° 0
1687~ 950000°0-

T et- 920000°0

. 8 tE- LZ1000°0

S0°L- 900000°0

(<] T A z00000°0

8a ' (AQOWD«Z)D0T.01 ASVYHd

.

090000
660000
TETO000
967000
STL000°
1£6000°
vL6T100°
962000
L82900°
PEIROO -
QGOWD T

YIGWNN 3ISYD

- N TN OO
—

DO OO DD DD

=
=z

MOT1d XILHOA/IANVYM YOLOYW J0 LNILNOO DINOWYYH

v601°0
000570
¥910°0
6000°0
0000°0
0000°0
9£00°0
£000°0

n

L]

n

lyyd
Nd
(NyS)/¥ID

(n+S1/02¥12

n/nasa
n/0AGSA
S/Y
s/0Y

SHILIAWVYYd XILHoAa dId

180T7°
£v08°
TESY”
gri10°
9010°

ft

0
6
£t =
0 =
1 =

HLIdIM 3INVYM

1514s
/X
1n/amM
Ln/SdM

ostT0o°0 = 4>

-== 1 YIBWNAN ANITTWYIHLS ———

WYdD0dd MO14 XILHOA/INVM HOLOY

‘ [ A2 4 A 655000°0
66 6€- 611000°0
v1 9t~ £60000° 0-
[3: 20 4 €ET1000° 0~
18° 67— 7510007 0-

v obeg 172:0L1 (B61-AON-9

060000
6€£1000°
912000°
682000
svbvooQ’

MIGWNN 3ISYO

1

0
6
e
L
q

= BT e B ]

109

duzmm.>Tonmh_z<uo=mu.<m<z.uay:4x<=u_uomzol



G ebeg

17:¢1 £961-AON-9

Tt1Z1°0
991€°§
Sb60°2
LSZ0°0
6€L6°0

= HIQIM INYM
= Ls1as
= 2/%
= 1n/am
in/sam
0510°0 = 4>

-——= b HIGHNN 3INITWVIHLS

HY¥9504d MO14 X3I1HO0A/INYM HOloH

HIGWNN 3ISVYD

165°6b- £01000° 0~ LLO0OOO O O1
18°26- Z9£000°0- €£0000°0 6
PT €E- PvY0000°0- 61£000°0 8
£ET 0V~ Z17000°0 IB1000°0 L
SE-TT- ‘10000070 $O0T100°0 9
88 0b- 6L0000°0- TE1000° 0 S
vLoT1- 600000 0 §EEE00 0 F
06 81~ 610000° 0 ozZL100 0 €
ve Z- £00000° 0 1E¥010°0 2
ST 0- 100000°0 £TZYIOD 0 1
80 ‘(QOWD#Z)D01402 ISYHA AOWD .7 HN

MOT4 XIIYOA/INVM HOLO¥ 40O LNILNOD DINOWYVH

1601°0 =
0005° 0
6¥10°0
6000°0
0000°0
00000
$%900°0
€000°0

a0 % nn

#

-

1448
NS
(NeS)/HID
tNs«S)/0D81D
n/nasa
n/0AASA

s/Y

S/0¥Y

SYILIWYYYS XI1¥oa dIL

1911°0
S68€° L
EL6L T
7610°0
1666°0

= HLAIM 3INYM
= 1s14as
= 2/%

in/aM
= LN/ S4dM
osto'¢c = 4d

-—- t HIBWAN 3NITWYIHLS

T!NMd AFOLELINYIQNED " YSYN 3LLOTHVHD ] 08na

110



9 abeg

1z:el

t861-AON-9

gLotr- 0 = Lyye

0005°'0 = Ng
Ltoro-o = (N.5) /41D
6000°0 = (N.S)/0D¥ID
0000°0 = n/AQsA
0000°0 = n/oadsa
1v00°0 = s/¥Y
€000°0 = s/0Y

SYALIWYHYd ¥X3ILYOA dIX

ELTIT 0 = HLAIM INVM
£E6E9° ¢t = 1Ls1as
091 = 2/X%
¥GEQ'D = 1n/am
L1v6°0 = LNn/SdM

osY0° 0 = G2

——- ¢ ¥IAWAN 3INITIWWI¥IS ---

4IGWNN 3ISYD

HY¥D0dd MOT4 YX3ILHOA/3INVM HOLOYW

£9°07- 5700000 oTb100° 0 01
g 61- S50000°0 g09100°0 6
91°91- 8200000 65€200°0 8
TV 91- €20000° 0— Z62I00°0 (L
£6°01- $10000°0 bOEVOO 0 9
S0 €1~ 900000 0~ €LEEOO0 0 S
80°6- 800000°0 veH800° 0 F
10°L- 5000000 z9L900° 0 ¢
691 v00000° 0 Tzvet10° 0 2
07 € 100000°0 6061z0°0 1

gq ‘' (QOWD.Z7)D01s01 ASVYHd QOMWD .+ 7 HN

MO14 X3l¥yoa/3INYM ¥olod 4O INIILNOD DINOWHVYH

980T1°0 = lLyyd
0008°0 = NE
0£10°0 = (NsS)/¥ID
6000°0 = {(N.«S). 0D¥ID
0000°0 = n. AQsA
0000°0 = n-0AQSA
£500°0 = s/Y
£000°0 = s/0Y

SYILIWYHYI X3FLl¥oA 411

«nzzm.>To»mp_z<ma:xu.<m<z.naacqx<=u_“cm:ol

Iil



S9°0t-~ 160000°0- 995000°0 (
[4° T4 e 800000°0 ¥96t00°0 9
90 98¢~ LY0000°0 1%¥z000°0 ¢
1879~ Z00000°0 v08800°0 ¥
96" tE- €10000°0~ SObOOO 0 €
91~ 000000° 0 610910°0 ¢
BE TT~- 100000°0 90zs00°0 1
. 43 ' ({AOHD«Z)90T+07 ASYHI QOWHD . 7 HN

MOTd XILYOA/INYM HOLOW 4O INIILNOD DINOWHYH

1eor'oe = Lyyg
0006°0 = Ng
8800°0 = (N«S)/¥ID
6000°0 = (N.S)/0D¥ID
0000°0 = n/aasa
0000°0 = n/oAaasa
IE00°0 = S/9
€000°0 = S/0Y

SYIALIAWYYYL X3IIWoA dIL

LOTT 0 = HILAIM 3INVM
£E019°7 = Ls1as
ST0E°T = 3/%
LIY0 0 = msan o
18160 = n/sdn

0st10°0 = 4>

=== 9 HIFHNAN INTIWYIYLS --—-

H3IAWNN 3ISYD

HYHUD0Hd MOT3d X3ILYOA/INYM HOlOY

| A S & 6¥0000°0 Z8ZI00° 0 OT
LT e~ €£0000°0 86Z100°0 6
AT A 070000°0 8EzZCZO0O 0O 8
S9°0Z~ IT0000°0- H9STOC O L
66 T1- 100000°0- @gfZton o0 9
Lo o0z- ¥00000°0 gL9to0 o0 S
0t 9~ 100000 °0—- 6S1800°0 ¢t
97 ST~ £10000°0 8067000 ¢
"0~ 000000° 0 LLog9t1o’o 7
L9°7- 200000°0 t6gz10 0 1
90 ‘' (AOHD+21901402 3SYH4 GOWD. ¢ HN

MOT4 Y31¥OA/INVM YOLO0¥ 40 INIINOD DINOWHYH

Lt ebeg T7°0LT1T L961-AON-9 * T!NMd AtOLELINVIANYED "¥SYN FLLOTHYHD ) :0dana



g ebeg

1741

t861-AON-9

HIAWNN 3SYD

HYM90¥d MOTd YILYOA/3INVYM HOLOH

S6°9T- 700000°0- 6v0¥00°0 OT
£9° 8% - L0Z000 0- 980000°C 6
08°61- 900000°0 ggez00°'0 8
LS ST- L00000"0 622100°0 L
| 2 S A G Lo0000 0 TrIS00° 0 9
09 91~ £E00000°0 VLEEOO O S
69 L- vy00000°0 979600°0 ¥
LTI~ t00000°0 S6£G00°0 ¢
6¢ € 700000°0 - ®6LG10°0 ¢
6¢° 91— 100000°0 LE£G€00°0 1
gg ‘(QOWD+Z)90T+07 ISYHd QOND 7 HN

MOTd XILWOA/INYM HOLOW 40 INIINOD DINOWHYYH

0901°0 = 1448
0006°0 = NE
TLoo-o = (Ne«S)/YID
6000°0 = (N«S}70DHID
0000°0 = nN/AdSA
0000°0 = n/0AQSA
cI00°0 = s/Y
too0°0 = s/0Y

SYALIWVYYd XILHOA dIT

$PZOT-0 = HIAQIM 3INVYM
Tzo6°"1 = 1s14as
srot°y = 3/X
£Z90°0 = 1n/am
16670 = INn/SdM

0s10°'0 = QO

——— {  Y3gHAN 3INITWYIHLS —--

HAGWNN ISYD

HYEo0dd MOTd XILYOA/3IAVYM dOLOW

6¢ VI~ €00000 0~ t9IT00 0 OF
LE LT~ 7900000 9z8000° 0 6
L9 81~ T10000°0 grzzoo 0 8

«uzzm.>qchmh_24hobzu.<m<z.mp?thazu_”omzcl

113



9£60°0 = HILAIM 3MNYM
896" 1 = l1s1as
66L0° T = 32/X
89L0°0 = 1n/am
S896°0 = LNn/Sam

os1p-0 = d2

-—— 6 WIEWNN 3INITWVYIULS -—-

MIAWNN 3SYD

HYH90dd MOTd XILHOA/INVM HOLOY

L6 9T~ £€10000°0 156000 0 OF
FT 0€- 110000 0— ZEBO000 O 6
€8 07~ 800000°0 ~ 6ZHI00°0 8
8z 0Z- L00000°0 L8sz00°' 0 L
S6 €1- 900000°0 8s€ES00°0 9
LT R §00000°0 €19600°0 S
LA S00000°0 v9L600°0C ¥
€5 6- v00000° 0 0Z6800°0 ¢
L0 Tt 700000°0 og8r10° 0 ¢
SL 8- z00000°0 166000 T
4a ‘' (AOWD+7)901.00 ASYHd AQOND 7 HN

MO13 XILHOA/INYM YOLOW 40 INILNOD DINOWYYH

9601°'0 = 1448
000s°0 = N8
9900°0 = (N«S) /41D
6000°0 = (N,S) 70DWID
0000°0 = n/nagasa
0000°0 = n’ oaAgsa
£Z00°0 = s/9
£000°0 = s/0Y

SRILIWVIEVI XILHOA dIL

$P860°0 = HIAIM INVYM
(LS9 v = ls1das
T890° 1 = 2/X
Lt1Lo-o = in/am
€Lr6°0 = In/S4M

osIo 0 = @d

—-- g ¥3IEHAN INTTWYIHLIS -—-

¢ obeg 12°t1 /B61-AON-0Q Auzzm.>m°hmh_z<moazu‘<m<z.u?a:4x<=u_”onDQI

114



o1 ebrd

et

(B61-AON-9

: L]

Lso1°0
0005°0
z900°0
6000°0
0000°0
0000°0
1200°0
£000°0

"

(n

1448
NG
(N«S)/¥1ID
«51/0041D
n/AdsA
n/0AQSA
s/¥

s/0¥

SHALIWYHYd X3l¥oa Il

£€660°
906% "
7660°
9£80°
1610°

0
1
T =
0 =
1

L)

061

H1IAIM 3INVM

151ds

/X%

Ln/dm
Ln/s3am
00 = a2

——— 0T ¥3IBWAN 3INITWVI¥LS ———

HY¥490¥d MO14d XILHOA/IAVM 40l

S0 TE- Z10000°0
£E LT L00000°0
70°22- £00000° 0
18 81~ §00000° 0
9¢° b1- 500000°0
16° 21— $00000°0
89 6 v00000° 0
6t 8- £00000°0
9t " 9- z00000°0
€S 9- 100000°0
' (AOWD«Z 1907107 4SVYHd

oy

918000°
167100°
90€200°
6EEE00°
867600
S68900°
L¥S600°
9L011T0°
BEBETO”
TTLeE10’

dOHWD v

4IGWNN 3ISYD

115

[UNEIA S
0o 6
0 8
0 L
o 9
0 s
0 4
o €
[UN 4
0 1
7 HN

MOT4 XILHOA/INYM HOLOHW 40 INILNOD DINOWHYH

9501°0
000570
¥900°0
6000° 0
0000°0
0000°0
700" 0
€000°0

"

(n

1444
Ng

{nyS) 91D
«S) . 0D¥ID
n/nAdsA
n-onAdsa
s/¥

s/0vY

SYALIWYAYA ¥3ldoa dTL

duzxm.>qonm>_z<ma:zu.<m<z.uaeoqm<=u_“cm:ol



11 ebrg

1701

{(R6ET-AON-9

1a

116

STI92ZS " bS— [Uns
€598906° €6 3
T6TER6 26— ]
LOBTZTI 6b- L
IrOTHS "0¢€E~ Q
605268 (LT~ S
BIEGTIL "GT1I- 4
06SLS0 6- £
6TTTET "S- 4
000000°0 1
"H30°OVT ISYHA O™IV "ON INITWYINLS
9¥1 ISVHd DIWYNAQOHIV JIl-01-8NH
656t~ 600000 0 g8es000° 0 01
£E1°92~- €10000°0 66ST00 0 6
6 " vZ- 800000°0 PS6T00° 0 8
£E1T 81— . Lo0000°0 LTO0%00 O L
oy 91~ LO0O0OO O S06F00° 0 9
Le 11~ 900000°0 652800 0 S
S6°01- S00000° 0 281600 °0 b
LY L- £00000°0 00LETO D €
80 8~ €00000°0 TLLZTO 0O 4
6L b~ 100000° 0 €99810 0 1
‘(AOHD« 21901407 ISYHd QOND ¢ HN

MOTd XILHOA/INVM HOLOY 40 INILNOD DINOWHVH

T!NHd AFOLELINYIANED VSYN ALLOTHYHD):08NA



1 Report No 2. Governmant Accession No. 3. Recipient’'s Catalog No

NASA CR-185135

4. Title and Subtitle 5. Report Date

. October 1989
An Investigation of Counterrotating Tip Vortex Interaction
6. Pertorming Orgamization Code

7 Author(s) 8. Pertorming Organization Report No.

R.K. Majjigi, K. Uenishi, and P.R. Gliebe
10 Work Unit No

9 Pertorming Organization Name and Address
~ . s T 335-03-01
GE Aircraft Engines 11 Contract or Grant No
1 Neumann Way
P.0. Box 156301 NAS3-24080

. ) . _

Cincinnati, OH 45215-6301 13 Type of Report and Period Covered

12 Sponsoring Agency Name and Address Contractar Report (Topical)
Narional Aeronautics and Space Administration - -
~ewis Research Center 14 Sponsonng Agency LLsce
lleveland, Jhioc +4135-3191

'5 Supplementary Notes
Project Manager: F. Humenik, Propulsion Systems Division

NASA Lewis Research Center
16. Apstract

A tip vortex interaction model originally developed for compressors has been extended and

adapted for use with counterrotating open rotors.

Comparigson of available acoustic data witn

predictions made with and without the tip vortex model included illustrate the importance of

rhis interaction effect. This report documents the analytical medeling, a limited experimental
verification, and certain key parametric studies pertaining to the tip vortex as a noise source
mechanism for the unsteady loading noise of counterrcating propellers.

17 HKey Words iSuggested by Author(s)} 18 Distnbution Statement

Tip vortex, propeller noise, counterrotation
noise

Unclassified- Unlimited

19 Security Classit 1of this report)

Unclagsified

20. Secunty Classif [of this page) 21 No of Pages

Unclassified 122

22 Price













